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FOREWORD

This volume contains supporting information and further programming

guides to the excavation simulation described in Volume I.

The coordination of the material in Volume II was done by R. R.
Hibbard and L. M. Pietrzak. The author credits are as follows:

Appendix I: D. S. Hyman (Geélogical Surveying and Prediction)
Appendix II: F. H. Murphy (Geology Model)
Appendix III: P, K. Parish (Programs TUNNEL and GENTNL)
Appendix IV: M. McJunkin
F. H. Murphy
B. H. Lieu

Appendix V: L. M, Pietrzak' (Layout Tunnel Data)
W. R. Thomson ’

(Excavation Model)
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I. INTRODUCTION

It is generally recognized that the geological (and hydrological)
conditions more than any other factor determine the degree of difficulty
and the cost of a given tunnel project. This 1s easy to see, since the
tunneling system, support and liner design, and cotal system performance
are a direct and strong function of the geologic medium to be tunneled
through. In essence, the latter is truly a key variable in the total
economic picture of a project. As a result, geologic exploration and
prediction techniques have a very important influence on the planning,
design, and performance of an excavation system. Although it is not yet
possible to identify a return-on-investment relationship for geological
exploration it is clear that a more accurate knowledge of geological
conditions will permit considerable savings from the improved planning

and design of a project.

At present, less than 27 of the total project cost 1s generally
allocated to pre-excavation geological investigations.1’2 This probably
reflects the fact that the scope and extent of the geological survey is
a compromise between technical desirability and economic feasibility.
Moreover, the point of compromise may not be reached objectively in many
instances. Budgetary considerations of sponsoring agencies, political
considerations, etc., may also play a role in the decision process. 1In
addition, no comparative estimates for total project cost versus the
geological investigation investment has ever been made, and even 1if they
had, considerable doubt about the validity of the comparison would remain
since it is never possible to "excavate again, this time with more geo-
logical information." However, some indications of the significant and
perhaps unnecessary costs which may be incurred because of pcor or
limited geological data can be drawn from isolated case histories. As
an example, there were only two bore holes made prior to the excavation

of the massive underground defense complex in Cheyenne Mountain for the

I-5
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North American Air Defense Commaad (NORAD). Further geological explora-
tion was scheduled but never funded because of a controversy about the
project itself. When funding for continuation of the project was even-
tually released it was allccated for excavation alone. not geological
exploration, a2nd partlv as a result, poor geology was encountered unex-—
rectedly at a critical intersecticn of two project ctambers. FEventually
new plans had to be drawn up, rotating the original design in an attempt
to avoid bad ground. Even then extensive and costly reinforcement was

3
necessary at the worst intersection,

Traditionally, geological surveying, measurements, and prediction
are accomplished before any detailed designs and cost estimates are
attempted. Although geophysical measurements are sometimes made during
the course of the excavation {rocess, the current practice is to rely
heavily on the geological work prior to excavation. As improved
techniques for in situ measurement of geological conditions are developed
it is likely that greater emphasis will be placed on evaluating the
information provided by these techniques to improve the safety and per-

formance of excavating.

Derending upon the extent of the geological survey and measurement
program, the infornation and data that it evokes might be used in site
selection and feasibility determication, preliminary design and cost
e¢stimates, or detailed construction planning. However, as a result of
both the coarse nature of geological measurements and the cost of detailed
exploration programs, such decisions and studies are almost always based
on incomplete information. Consequently, engineering judgment tempered
by previous experience plays a significant role in the decision processes.
We shall have more to say about this in the following pages, but given
that the site, geometry, and orientation of a tunnel project have been
chosen, we can focus attention on the fundamental data requirements im-

posed upon the engineering geologist.

I-6
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The results of a geological exploration program should consirt of
sufficient amounts of data concerning lithological, hydrological, and
rock-mass properties co enable a designer and contractor to plan a
construction project with confidence. This includes both the quantita-
tive aspects of engineering and excavation system design, and scheduling
plans and cost estimates. In other words, the contractor wants answers

to the following key questions:
1. What would be the most suitable excavation method?

2, What are the ground support and tunnel liner requirements

along the length of a proposed tunnel?

3. How much ground-water inflow can be expected along the

tunnel length?

4, What is the locaticn of potential geologic hazards?
The extent t» which such questions can be answered with precision

and reliability determines to a large extent the ultimate cost-performance

success of the construction project.

I-7
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ITI. SURVEY AND PREDICTION TECHNIQUES

We shall present next a brief survey of those measurement techni-
ques and procedures that are now in general use for geological surveying
and prediction. Since comprehensive discussions along these lines are
readily available in the literature,4-9 we shall focus our attention
primarily on the extent to which these various techniques are able to
delineate geological discontinuities and inhomogeneities such as faults,
joints, bedding planes, rock-soil interfaces, and ground-water concentra-
tions. In addition, we shall present relevant cost data, and discuss the
technical and economic factors which influence the scope of a typical

geological exploration program.

A comprehensive geological exploration program typically involves

the following kinds of activities:

° Review of available data (literature research)
. Surface exploration and mapping

. Subsurface studies

. Laboratory analysis of field samples

The degree to which efforts are directed in each area depends not only
on technical and engineering considerations but also on economic factors

and judgment. This will be elaborated below.

A. LITERATURE REVIEW

An exploratiou program generally begins with a survey of available
literature dealing with geological and engineering geological information
pertaining to the area of interest. The objective is not only to save
time and expense but also to utilize the information to plan the remain-
ing elements of the exploration program more efficiently and effectively.
Of particular interest is information relating to the spatial distribu-
tions of rock formations along the tunnel route, the physical properties
and quality of the rock types that might be encountered at depth, and
erpected or possible ground-water conditions during excavation. If under-

ground construction data for previous projects in the general area are

1-8
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available, they would most iikely be used to assess the structural
characteristics of the geological strata, and possible problem areas.

The sum total of such sources of information would be expected to aid

the geologist in 'nterpreting conditions with respect to possible problem
areas, tunnel suppart requirements, and ground-water conditions. Of
course, the amount of useful data that can be gathered depends on the
extent of previous surface and underground construction in the general

vicinity of the proposed tunnel.

B. SURFACE EXPLORATION

Surface investigations comprise th- second step in the sequence of
progressively refined studies and measureme.:ts. With the exception of
built-up urban areas, most geographical settings are suitable for sur-
face geological exploration. The objective of this phase of the program
is to survey and map in detail the exposed rock formations in a wide area
covering the contemplated excavation. The usefulness of this procedure
depends on the degree to which geological formations and structures of
interest are exposed at the surface. In some cases, aerial and surface
reconnaissance is aided where necessary by bulldozer stripping of surface
soll to expose underlying rock formations. This is usually an inexpen-

sive way4 to implement the surface work.

The results of this phase of geological exploration are recorded
on a topographical map of the type made available by the U.S. Geological
Survey. The map scale may vary between 1200:1 and 4800:1 and the
following geological features are usually displayed:

. General. geology (location and classification of generic rock
types)
o Strike and dip of surface outcrops
. Location of fault zones and veins
° Description of foliation and joints
. Fracture densities as a function of locacion
. Degree of weathering
I-9




When the information is displayed in this form, it is useful to
the geologist in connection with two main tasks: it serves as the basis
for making a preliminary extrapolation of rock conditions to tunnel depth,
and it aids in the planning of subsequent geological and geophysical
measurements, such as core dArillings and seismic surveys. It is worth-
while to emphasize that at thi: point the geologist cannot predict with
a high degree of certainty what geological factors will be encountered
at depth. The information, when evaluated and interpreted by an experi-
enced geologist (and we must emphasize interpret) serves as a basis for
perhaps semiquantitative estimates of expected conditions. Conditions
are rarely predicted easily since much of the earth's outer crust
consists of highly variable geological structures and conditions. There-
fore, to increase the information usable for design purposes, additional
measurements and tests are often planned, as a result of questions raised
by the results of the surface geological mapping. Occasionally, field
samples are collected during the surface survey for laboratory analyses

and 1dentification.

C. SUBSURFACE INVESTIGATIONS

As discussed in the previous sections, the geologist's chief goal
is to measure and/or predict the geological conditions at the depth of
interest. It is usually necessary to refine the data obtained from
surface mapping by detailed investigations of areas of know: faults,
areas of potential geological problems, and ground-water ~onditions.

Toward this end, a number of procedures and measurements are currently

in use:
. Core drilling
o Pilot bore
. Field geophysical measurements

I-10



1. Core Drilling

Information concerning subsurface conditions is obtainable by
drilling small vertical (or nearly vertical) holes down to tunnel depth,

with the concommitant examination and testing of the removed material

(core samples). Holes drilled in rock are usually about 3 in. in diameter,

and the amount of core recovered is a function of the quality of the rock
and the skill of the drillers. Data on rock properties and geological
conditions as a function of depth are obtained through core logging,

water testing, and laboratory measurements of core samples.

2. Core Logging
This is essentiaily the systematic recording of observations of

rock properties for successive co~e samples. In particular, parameters
such as rock type, fracture and joint spacing and orientation, density,
and hardness are of immediate interest. Since heavy ground-water condi-
tions are particularly influential in a tunneling operation, data on
changes in the water level encountered, as well as porosity and permeabi-

lity measurements and pumping tests, are of value.

3. Pilot Bore
In view of the inherent deficiencies in the techniques discussed

above, the need for exploratory drilling ahead of a working face has
been widely recognized. Current geological investigation technig“es

do not provide enough information for design purposes, nor are they
capable of being applied simultaneously with the excavation process. As
a result, it would be desirable to obtain in situ geological information
in advance of a working face. Either a pilot bore prior to main tunnel
excavation or a pilot bore sufficiently ahead of the main tunnel advance

may supply the needed information.

The Straight Creek Tunnel Pilot Bore is an example of excavating
a complete pilot tunnel in the immediate vicinity of the intended tunnel.
A small pilot tunnel was excavated and subsequently surveyed by geophysi-

cal techniques. The resulting data indicated potential trouble spots,

I-11
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and some correlation of rock properties with construction parameters was
made. If such a procedure could be made more ecvromical, it would repre-

sent a very effective geological measurement tool.

The Japanese Seikan Tunnel across the Tsugaru Strait is an example
of excavating a pilot tunnel simultanecusly with the main tunnel, far
enough ahead tv guide the main turuel operations. This project, in
addition to the pilot tunnel, relies on information provided by the
drilling of a small probe hole vp to 1000 ft ahead of the excavation to

locate petentially bad ground conditions.

4, Field C~ouphysical Measurements

In addition to the techniques mentioned above, surface measurements
are occasionally made using seismic velocities as indicators of in. 1ic
rock properties ind changing geological conditions. However, its effec-
tiveness 1s frequently limited by insensitivities of the techniques used
and by an inability to distinguish clearly between certain kinds of rock.
Surface measurements of DC electrical resistivity have also been used to
detect changing rock and ground-water conditions, but with modest success.
However, data from the Straight Creek Tunnel Pilot Bore 8,9 indicate that
such measurements may be of definite value in conjunction with other in

situ techniques.

Some use has veen made of borehole photography to provide direct

observation of geological conditions inside the borehole.

Geopliysical measurements of seismic velocities in boreholes are
also made. Depending on the physical differences among the rock types
encountered, such data can be used to correlate other surface geophysical
measurements. Unfortunately, unless the boreholes are spaced close
enough along a proposed tunnel route to reveal all geological changes
bearing on engineering design and construction, the resulting information

is only generally indicative of conditions to be expected. Core logs

1-12
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are often incapable of indicating the extent of geological discontinui-
ties. As a result, the data yield only an incouplete picture of geolo-
gical and hydrological conditions at tuanel depth. However, in mining
operations core-borinc techunlques may provide all the useful information

that is needed.10

D. LABORATORY TESTS

In addition to the logging and measurement techniques used in
conjunction with core boring, the intact core samples are usually tested
in the laboratory. The object of such tests is to determine those rock
nropert’ es which influence the excavation method, support and liner
design, ail probable ground-water conditions. In particular, such
parameters as unconfined compressive strength, hardness, fracture and
joint spacing, and degree of weathering are of immediate interest.
Prospective bidders and/or tunnel machine designers might perform addi-
tional tests of their own choosing to enable them to evaluate the
relative advantage of drill and blast versus machine tunneling, but such
tests are performed after the initial geologic investigation is made.

7,11,12

In recent years, the rock quality designation (RQD) has come into

use as a simply measured indicator of overall rock quality. It is

defined as the fraction of the recovered core pleces with a length greater

than or equal to 4 in. Thus, it is an approximate measure of the influ-
ence of discontinuities on the rock mass encountered. This will be
discussed in more detail in a subsequent section, but it suffices to say
at this point that the RQD can be correlated at least partially with
engineering and construction aspects of tunneling. At the present time,
lalioratory measurements of intrinsic rock properties are useful only in
furnishing guidelines for support design purposes. The measurements are
useful, but enough uncertainty remains to require the inclusion of large

safety factors in design and construction.
E. COST CONSIDERATIONS

In general, one cannot readily provide rules which determine the

optimum allocation of resources to geological exploration. The amount

1-13
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can vary significantly from one project to another and one geology to
another. However, Table I-1 summarizes typical costs associated with
current geological surveying and measurement procedures. They can be

used to estimate the total cost of postulated exploration programs.

It should be mentioned that the cost per foot of core drilling
depends somewhat on the diameter and ultimate depth of the hole. Thus
it can be seen that drill holes of 500-foot depth might typically cost
$5,000 or more each. This explains why their locations are chosen with
care. Finally, it should be mentioned that in situ engineering tests
for design purposes are usually more costly and time consuming than
laboratory tests. This includes, in particular, radial jacking tests to

measure the deformation of tunnel wall rock under various loading condi-

tions.
TABLE I-1
COST ELEMENT OF GEOLOGICAL SURVEYING

1. Core drilling into bedrock (3-in. §5-825/ft

diameter) with boxing of cores
2. Water pressure tests $75/test
3. Mobilization/demobilization Variable (several hundred

(per drill rig and crew) to several thousand

dollars)

4. Observaticn well (1 1/2 in. S4/ft

diameter)
5. Surface mapping $100/ (day-geologist)
6. Literature research $2100/man-mo. (office)
7. Laboratory tests $25-5100/sample
8. Seismic tests (surface) < $1/1in. ft

I1-14
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APPENDIX II

GEOLOGY MODEL

by
F. H., Murphy
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The geology model is a part of the excavation simulation model.
One of the requirements established for the simulation model by the
Bureau of Mines was that it provide a realistic modeling of the geologi-
cal conditions encountered during the process of tunneling; specifically,
it was established that the rock which was encountered was not to bea
modeled as a homogeneous medium. It was also established that the ex-
cavation model was intended to be used as a research tool which would
ald in evaluating the relative cost and performance characteristics of
various techniques which might be used for tunneling through hard rock
in the near future. This latter cunsideration led to a decision to de-
sign the overall model in such a way that the portion which was concerned

with modeling geological conditions was a separate entity.

The geology model is intended to be a convenient tool for building
a file of data which represents the geological conditions found within
a given three-dimensionzl region of rock. The representation of the
geology 1s meant to be exemplary. By this it is meant that the jeology
model is primarily intended for use in building files which represent
hypothetical geologies which might be of interest in research. Even so,
enough flexibility is provided so that reasonable representation of
existing geological regions could be rather easily constructed, i1f de-
sired. The sizes of the geological regions which are simulated, as well
as the spacings of data points within the regions, are under the control

of the user.

This appendix 1s intended to document the inputs, the methods of
operation, and the outputs of the geology model. In doing this, it 1s
convenient to discuss first the structure of the geology file which is
generated; thils gives some insight as to why the model is as it is. The
structure of the model 18 then discussed in some detail. A discussion
of the specific formats and uses of the various control cards follows.
Finally, a detalled description of the subroutine named BENDER, which is

used to simulate the tectonic warping of layers of rcck, 1s given.

II-5
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IT., OUTPUT FILE STRUCTURE

The geology file produced by the geology model is a simple sequen-
tial (i.e., tape-like) file. This file consists of four parts, in order:

1. Dimensional Information
2, Rock Layer Information

3. Rock Property Information
4

. Layer Position Information

Each of these four parts will be discussed in turn. It should be noted
that there are no end-of-file marks between the parts of the geology file;
the only end-of-file mark is located at the end of the file.

The dimensional information specifies the size of the region to be
modeled and the horizontal spacing between data points. Implicitly, it
also specifies the number of entries which will be found in the fourth
part of the geology file--the layer position information. 1In order to
see how this is done, imagine for a moment that you are well up in the
air, looking down at a rectangular region of the earth's surface. This
region is described, throughout the model, by means of the following

directional notation conventions:

Y, NORTH, J, OR N DIRECTION

X, EAST, I, OR M DIRECTION

—d

The compass—-like notation is used for input convenience. The X and Y
notation is used when it is convenient to refer to points within the
region by means of floating-point coordinates; either the I and J or the
M and N notation is used when it 18 convenient to refer to selected points

within the region by means of integer cocrdinates. Vertical levels are
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always referred to by floating-point numbers; tl.e variable name Z is most
commonly used for this purpose. The positive vertical direction is up-

ward.

Within the model, this region is divided up into an integral number
of grid squares. There are NX grid lines from right to left and NY grid
lines from top to bottom. NX need not equal NY. These grid squares need
not, in truth, be square. A scale factor can be associated with each of
them. Thus, each square i1s SCALEX wide and SCALEY high. SCALEX need not
equal SCALEY. The geology file contains geological layer position infor-

mation for each point at which the grid lines cross.

Going back for a moment, then, the first part of the geology file
contains four entries of dimensional irformation which specify the size
of the region to be modeled and the horizontal ryacing of the data

points. In order, these four entries contain:

Position Contents Format
1 NX I5
2 NY I5
3 SCALEX 1PE18.10
4 SCALEY 1PE18.10

At the present time, the model can accommodate regions in which NX and

NY are each less than or equal to 30. If these limits are exceeded,

the array SURF in the geology model's main program should be redimensioned
to SURF(NXm, NYm, 7) where NXm and NYm are the maximum desired values of
NX and NY; no other changes are required. There values of SCALEX and
SCALEY are not subject to any practical limitations.

The present version of the geology model allows the user to specify
up to 25 different layers of rock, which may correspond to between 2
and 25 kinds of rock. If these limits are exceeded, the array INDEX
should be redefined as INDEX(ILAYRm), where ILAYRm is the maximum number
of layers desired. Depending upon the computer used, it may be necessary
to change the PROGRAM card of the geology model to allow for the files
II-7




TAPEl, TAPE2, ..., through TAPE(ILAYRm). The array BUFF should
also be redefined as BUFF('[LA.YR.m + 2). Additional rock types are
accommodated by redefining the array PROP as PROP(6, IROCKm), where TROCK

is the maximum number of rock types desired.

The geology model allows the user to easily generate surfaces,
which are interpreted as the upper boundaries of layers of specified
kinds of rocks. The user is required to number these layers, for identi- j
fication purposes, as he generates them. There is no requirement that
the relative vertical positions of layers be in any way related to the

identification numbers assigned to them.

The second part of the geology file is simply a copy of the values
which the user placed in the array named INDEX. The value of INDEX(ILAYR)
is the number of the rock type which the user zpecified as being found
directly beneath the surface to which he gave the identification number
ILAYR. Let us suppose that INDEX(ILAYR) = IROCK. Then, PROP (1 through
6, IROCK) contains the six parametcers which the user specified as de- )
fining the kind of rock which he gave the rock identification number IROCK.
The third part of the geology file is simply a copy of the values which §

the user placed in the array named PROP.

Explicitly, the second part of the geology file consists of rock

layer information in the form: z
Position Contents Format )
3 INDEX (1) e Rock types for l
l l layers 1 through
29 INDEX (25) 12 c l

and the thiru part of the geology file consists of rock property informa-

tion in tne form: f
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Position Contents Format
30 PROP (1,1) 1PE18.10
31 PROP (2,1) 1PE18.10
32 PROP (3,1) 1PE18.10 Parameters for
33 PROP (4,1) 1PE18.10 { rock type 1
34 PROP (5,1) 1PE18.10 '
35 PROP (6,1) 1PE18.10
36 PROP (1,2) iPE18.10
179 PROP (6,25) 1PE18.10

The fourth part of the geology file consists of NX times NY entries,

in sequence, each entry being of the following form:

Entry Position Contents Format
1 1 1PE18.10
2 J 1PE18.10
3 Z1 1PE18.10
4 zz 1PE18.10
| ¢ l
ILAYRm + 2 ZILAYRm - 1PE18.10

Each entry is for a single point at which the grid lines cross; the coor-
dinates of that point are the integers (I,J). The ZL for L =1 to ILAYRm are
the vertical positions of the layers which the user has given the identi-
fication numbers 1 through ILAYRm respectively; Z values for layers which

he has not specified are set to the value Z = -1051. In interpreting the
entries at a given (I,J) location, it is understood that, in case of

overlap, an arbitrary rule determines vhich layer numbers take precedence.

For example, suppose that at location (I,J) we were given the values

zL for L = 1 through 25. We would receive them in the order given above:
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Our first step might be to sort the entries into increasing order by Z,

and then use L as a precedence number:
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24

This might correspond to the condition:

LAYER 1

N NN
=

™

N
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LAYER 2

LAYER 1

BLC.

LAYEE c2

POINT (1.4)

The above illustration of how layer precedence relationships can be used

is meant to be illustrative rather than definitive. No dcubt the ieader

can imagine other geological conditions in which other precedence
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relationships would be useful; e.g., perhaps specific layer numbers might

always be interpreted as representing the surface of the earth and the

water table.
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ITI. GEOLOGY MODEL STRUCTURE

There are two major phases of the geology model. During the first
phase, the user is aided in manipulating surfaces on an NX by NY grid.
These working surfaces may then be given layer number and rock type iden-
tification numbers, and be stored on auxiliary storage (usually disk
storage) one surface at a time. The user is allowed to have up to seve
working surfaces in existence at any one time. As was previously stated,
the model as presently impleranted will accommodate up to 25 layer sur-

faces.

The result of the 1.rst phase of operation is a collection of
individual files, each corresponding to the Z values of a single layer
surface; each such file of Z values is in the customary FORTRAN ordering
by T and J. What is desired is of course a single file, ordered by I
and J, which contains the Z values for every surface at each value of
I and J. This phase, which begins upon the receipt of a MAKEFILE card,
is essentially a reordering phase. During this phase, the values of NX,
NY, SCALEX and SCALEY, as well as the contents of the arrays named INDEX
and PROP, are written out onto the new geology file. The rest of the
file is comstructed by stepping through all values of I and J and, for
each data point suo defined, reading the corresponding Z value from each

of the layer-surface files, consolidating these values into one entry,

and writing this infrrmation onto the new geology file. When this process

is completed, the operation of the geology model is terminated.

o
Figure 1I-1 illustrates the two-phase nature of the geology model.
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Iv, INPUT DATA CARDS

Sixteen different kinds of input data cards are used to coatrol the

operation of the geology model. Each kind is identified by a label which

is punched into columns 1 to 10 of each card (left justified). The
remaining space on each kind of card is divided up into seven equally
sized data tields, each field being ten columns wide. All data entered
into any of these data fields must be numerical and must include a deci-
mal point. The formats of the sixteen kinds of input data cards are

given in Table 1I-1. The purpose of each kind of cards and its associated

data parameters is discussed in this section.

A, GEOLOGY CARD

The geology card must be the first card of the inprt data deck.
There must be only one geology card per input data deck. Violation of
either of these restrictions will cause a diagnostic message to be printed
and the current run of the model to be terminated. The meanings of the
variables NX, SCALEX, NY, and SCALEY are as given in Sec. II of this

appendix.

B, SURFACE CARD

A SURFACE card provides a method of inputting a completely arbitrary
surface. The main disadvantage to this is thot many point-data cards
(blanks in columns 1 through 10) may be required if NX times NY is large.
Tn specifying an arbitrary surface, the SURFACE card must come firs’.
SURFNO is the number by which the working surface which is to be created
will be known; SURFNO can be any integer from 1 to 7, inclusive (but re-
member that decimal point!). The other data fields on the SURFACE card
are ignored--unless they contain non-numeric data, which can cause a

fatal error in the FORTRAN input-output routines.

The SURFACE card must be immediately followed by enough point-data
cards to define the desired points on the surface. Two points can be

defined per card; the problem which arises when it is necessary to define
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an odd number of points is avoided by checking the value I times J before
storing the value SURF(I,J). If I times J is zero (or blank) SURF(I,J)

is ignored. The number of point-data cards 1s not checked. They need not
be in any order, as long as all desired cards for the surface to be defined

are together and immediately follow the appropriate SURFACE card.

Cc. PLANE CARD

As was noted above, the definition of large numbers of surface
points can require large numbers of point-data cards and, therefore, large
amounts of keypunching. This kind of effort is clearly unjustifiable
when only very simple surfaces are required. Through the use of the
PLANE card, one can establish a working surface with working surface
identification number SUTFNO, all of whose points are set to the value

DEPTH, in one simple operation.

D. RAISE CARD

Geologies having layers whose layer surfaces are virtually identical,
except for a vertical separation between layers, are not uncommon. The
RAISE card was provided to ease the task of defining such a geological
region. The use of the RAISE card simply adds the constant named DISTANCE
to every data point of the working surface having the surface identifica-

tion number SURFNC.

E. LOWER CARD

The same comments made in conjunction with the RAISE card are
appropriate here. The use of the LOWER card simply subtracts the constant
named DISTANCE from every data point of the working surface having the
surface identification number SURFNO.

F. SCALE CARD

The use of the SCALE card is similar in nature to the uses of the
RAISE and LOWER cards. In this case, each data point of the working

II-16



<l

surface named SURFNO(A) is multiplied by the scale factor named FACTOR,
the result beilng stored in the corresponding locaticn of the working
surface named SURFNO(B). SURFNO(A) may equal SURFNO(B), if desired.

G. SUM CARD

The use of the SUM card causes the Z value for each I,J location
of working surface number SURFNO(A) to be added to the Z value for the
corresponding I,J location of working surface number SURFNO(B); the
resulting value is placed in the corresponding I,J location of working
surface number SURFNO(C). The Z valies for the working surfaces nunxhered
SURFNO(A) and SURFNO(B) remain unchanged unless one or the other or both
of the working surfaces have the same number as working surface SURFNO(C).
The numbers SURFNO(A), SURFNO(B) and SURFNO(C) may be equal to each

other in any combination, if desired.

H. DIFFER CARD

The operation of the DIFFER card is identical to that of the SUM
card, except that the corresponding I,J data points of working surface
number SURFNO(B) are subtracted from those of working surface number
SURFNO(A) in order to obtain the data point values for SURFNO(C). 1In

short, surface A minus surface B equals surface C.

I. TILT CARD

Up until this point, all of the operations performed upon working
surfaces have been vertical. It has also been considered deusiralbile to
provide some simple method of tilting surfaces, so that t would not be
necessary to resort to the definition of surfaces through the use of
SURFACE cards whenever the layer structure in a particular geological
region happened not to be horizontal. The TILT card provides a simple
wethod of tilting arbitrary surfaces.

The arbitrary surface which is to be tilted is that working surface
having the surface identificatioit number SURFNO(A). The data point values
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which result when this surface is tilted DEGREE degrees, in a right-
handed fashion, around a horizontal vector through the point having the
coordinates (PTX, PTY, PYZ) and pointing in a direction AXIS which is
measured in degrees, in a compass-like fashion from north (or equivalently,
the Y axis), are placed in the appropriate locations of the working sur-

face having the surface identification number SURFNC(B). ]

This all sounds very complicated at first, but in practice, it is i
easy. The formulas used are well known.* The only difficult part of the
operation stems from the fact that originally our working surface number
SURFNO(A) has its Z values recorded at integer values of X and Y; after |
the tilting operation takes place, this is no longer true, in general.
Yet this has to be true before we can store the Z values for working
surface number SURFNO(B). It is therefore necessary to use a surface-
fitting subroutine SRFIT in order to determine the second-degree equation
which best fits that set of data points which is closest to each integer
valued I,J pair for which we want a Z value for working surface number
SURFNO(B). We then use the equation to interpolate in order to find the
desired Z value. This must be done for every I,J pair where 1 < 1 < NX,

1 <J < NY. u

Normally, the six closest data points should suffice for such a fit.
It has been found desirable to use the closest eight in most casez. This
results in a small amount of "smoothing" which is helpful at boundaries
or at parts of the surface which have sharp bends. If it has trouble
in fitting the surface with the eight closest points, the program will !
next try ten, then twelve points. If the trouble persists, diagnostic

information is provided.

*
See, for example, pp. A-255 of the Handbook of Chemistry and Physics.
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There 1s no restriction as to how surfaces can be tilted. They can
be tilted in a positive or negative direction, in small amounts or in
barrel rolls. The only real constraint is that the resulting surface must
be singly-defined at each integral value of I and J where 1<I<NX,

1 < J < NY; otherwise, trouble will be encountered with SRFIT, as noted

above.

J. RELAX CARD

We have discussed the uce of completely arbitrary surfaces, speci-
fied througnh the use of the SURFACE card, and the use of planes specified
through the use of the PLANE card. The RELAX card provides a means of
achieving a middle ground between the relative advantages of realism and

simplicity achieved through these two approac.es.

Many geological surfaces may be adequately represented by "minimum
energy' surfaces. That is, given the boundary points through which the
su' ~ '~ would have to pass at the edges of the geological region which
we ¢ nodeling, this type of surface is the smoothest which could be con-
stcucied which would still pass through the boundary points. An infinitely
flexible membrane, such as a soap bubble, could be expected to provide the

same kind of surface.

Mathematically, this kind of surface is called a harmonic surface;

it satisfies LaPlace's equation in two dimensions:

3%F . o%F
S50
ox oy

Given the boundary points for such a surface, there is a straightforward
algorithm known as the relaxation algorithm which can be used in order

to find the interior points which satisfy the above equation. This
algorithm is iterative; its values converge to those of the desired
surface. In general, this convergence is quite rapid at first, then more

and more gradual as the computation continues.

I1-19




The RELAX card allows us tn use this algorithr. A typical approach
would be to first use the SURFACE card method to specify orly all of the
boundary points for working surface number SURFNO. The RELAX <2nrd would
then be used to find all of the interior points for cthis surface; these
would have the property of representing the smoochcest possible surface

through the boundary points given.

The parameter TOLER allows the user to control the accuracy with
which the surface is determined. The relaxation process will stop when,
during one iteration of the algorithm, the value of no data point on
the working surface changes by no more than TOLER. Note that TOLER
measures the amount of change, not the amount of error as compared to the
final, exact surface. Given reasonable surfaces, TOLER should probably
be at least an order of magnitude smaller than the mavimum error desired;
when NX and NY are large, two orders of magnitude might be appropriate.
If the user specifies that TOLER = 0 or leaves the specification of TOLER
blank, the following automatic definition of TOLER takes place, in order

to conserve computer time:

SCALEX + SCALEY
200

TOLER =

Note that the RELAX card can be used in conjunction with any
working surface whose boundary points are defined. The user is not
restricted to using it in conjunction with the SURFACE card as outlined

above.

K. BEND CARD
The subroutine (BENDER) used to implement the operation of the BEND
card is the most complex subroutine of the geology model. It is discussed

in detail in Sec. V, but an overview of its operation is provided here.
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When something is bent, there is a median surface which is neither
stretched nor compressed--only digplaced. For example, consider a simple

beam:

OLD MEDIAN PLANE,
/" BEFORE BENDING

STRETCHED

NEW MEDIAN PLANE,
" AFTER BENDING
TOMPRESSED ——~

As we can see above, the stretched and compressed sides of the beam are
not related to each other by a simple vertical distance relationship.
While this is a two-dimensional example, the same kind of thing happens
in three dimensio~s, except that there is a median surface which need not

necessarily be a plane or cyliner.

The question which the bending subroutine attempts to answer is,
"Given two working surfaces which represent the locations of the old and
new median surfaces, prior to and after the bending of the rock, what is
the new surface which resulted from the deformation of the old surface

during this bending process?"

The exact analytical solution of this question would involve great
data processing expense. We have provided an approximate solution, which

seems to give reasonable answers, but even then involves significant
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expense when NX and NY are large, since the processing time is related
to (NX times NY)2. Much of this expense is unnecessary since, when NX
and NY are large, it is not usual for the displacement of the median
surface at one I,J location on the grid to have much effect on surface
deformations for I,J locations which are many grid points distant. The
INFLUN parameter allows us to take advantage of that fact. Through its
use, the consideration of the effect on deformation by causes more than
INFLUN grid spacings distant can be eliminated. This makes the running
time proportional to (NX times NY) times (1 + 2 times INFLUN)Z——a sig~
nificant saving when NX and NY are large. 1If INFLUN is not specified,

it is automatically set equal to three.

I GRAPH CARD

From time to time, one may become curious as to the current Z values
of a given working surface--especially after using a BEND card. The GTRAPH
card allows the user to print out X-Y plots of the surfaces, with X and Y
coordinates labeled, and the appropriate Z values displayed. Plots that
are too wide are automatically printed out in vertical strips which, when
laid side by side, depict the entire surface. There is therefore no
problem in producing plots, regardless of how large NX and NY become.
Plots for several working surfaces can be produced with the same GRAPH
card by placing their working surface identification numbers in sequential
data fields on the card, beginning in the leftmost data field. The first
blank data field encountered will terminate the process of producing plots.

The process of producing plots does not alter any surface in any way.

da LAYER CARD

The LAYER card is used in changing the status of a working surface
to that of a geological surface. In doing this, the working surface is
left unchanged; it is merely copied onto a disk file, and given a new
number--a layer number as opposed to a working surface number. In
addition, an entry is made in the array INDEX. This entry specifies the

kind of rock properties which the user wants to have associated with this
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geological layer. In effect, in using the LAYER card, the user is
saying, "Use working surface number SURFNO, associated with rock type
ROCKNO, as geological layer LAYERNO."

N. PROPERTY

The PROPERTY card allows the user to specify the properties which
are to be associated with rock type ROCKNO. The meanings of these param-
eters are not specified at the present time and are not relevant to this

discussion.

0. MAKEFILE

The MAKFFILE card 1is the card which causes the consolidation of
geological information into the geology file. In making the geology
file, the geology model will assume that the user has specified properties
for all types of rock having the numbers 1 through MAXROCK, inclusive.
Likewise, it will assume that geological layer information is stored for
all layers having layer numbers 1 through MAXLAYER, inclusive.

P. SUMMARY
Except for the first ten columns of any input data card, which
must be alphatetic and left justified, all data entered on input data

cards must be numeric and must contain decimal points.

The reader is cautioned to be thorough and consistent in redefining
arrays within the geology model. For example, if the array SURF were
redefined as SURF (27, 53, 7) in the main program GEOMOD, then the arrays
named A, B, C, D, BX, and BY in the subroutine BENDER would have to be
dimensioned as (27, 53), the array POINT in BENDER would have to be
redefined as POINT(3, 1431), and the array GRID in the subroutine GRAPH
would have to be redefined as GRID(27, 53). Failure to redefine these
arrays outside of the main program GEOMOD would lead to incorrect

indexing of these arrays and would cause erronecus results.

I1-23




V. SUBROUTINE BENDER

The motivation in Jeveloping the BENDER program (Fig. IT-2) was to

create a subroutine which wou'd geometrically alter geological layers in

a reasonable and consistent way, and with a reasonable expenditure of

computer time. The approach taken was geometrical rather than physical,

on the basis of simplicity, available geological knowledge, and program-

ming priorities.

When one begins to think about geometrical approaches to the warp-

ing of geological surfaces, some concepts seem to quickly come to mind and

persist:

1.

Any reasonable way of defining the three-dimensional deforma-
tion of a layered geological region seems to involve a descrip-
tion of what happened to the surface which, after deformation
is the "median" surface in the sense that it was neither

stretched nor compressed, but merely displaced.

It is true that, in a given pattern of deformation, there

might be a large volume which might be neither stretched nor
compressed and therefore, in the above sense, there can be no
reasonable definition of any single 'median' surface on the
basis of its being neither stretched or compressed. While

this is true, it is also true that, in this region, any surface

would form an acceptable "'median' surface, in the above sense.

In fact, when one begins to think about the time spans invoived,
the stresses and strains involved are probably not that well
defined or understood; they may be dissipated by slippage,
piastic flow, changes in the chemical makeup of the rock, etc.
It is probably more realistic to think about deformations

rather than stresses and strains, although the concept of a

median surface is stiil an aid to understanding.
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Figure II-2.
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AT GRID CRJISSING
POINTS

Flow Chart of Logic of BENDER Subroutine
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It is immediately obvious, after glancing at Fig. IT-2, that the basic

logic of the BLNDER is exceedingly simple; it is also obvious, after look-

ing at the 350 lines of FORTRAN in its listing, that its implementation
may be straightforward, but it is nrot simple. For example, computing the
nortul vectors for the new median surface involves computing the partial
derivatives in the X and Y dircctions at each grid line crossing point
and storing them in the BX and BY arrays, respectively. These partial
derivatives are then converted to the direction cosines of the desired
normal vectcrs, the results of this computation again being placed in the

BX and BY arrays. About 25 lines of FORTRAN code are involved.

Likewise, finding all of these normal vectors which pass through
cach grid line crossing point on the old surface is no simple task,
First of all, this implies that the direction cosines for each grid
line crossing point on the new median surface have to be examined in
order to determine whether a normal vector from that point on the new
median surface could go through each of the grid line crossing points
on the old surface which is to be distorted. The mechanics of this
operation infer that this processing step would have to be performed
(NX times NY) times (NX times NY) times. This problem, whose solution
was discussed in the preceding section, is compounded by the fact that
the normal vectors from the new median surface will generally not ori-
ginate at grid line crossing points, if they pass through grid line
crossing points on the old surface which is to be distorted; some method
of interpolation is therefore needed. The problem is further compounded
by the fact that an iterative procedure is used to find the origination
point of the normal vectors; there seems to be no better alternative to

this procedure,

Although the iterative procedure could not be avoided, a quick,

recasonable method of interpolation was found. If a function has a stated
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value at the four corners of a square grid, and if its value at some

interior point is desired:

F(I,J+1) ., F(1+1,04)

| 1

—_— O D S DY
e N ACERNE)

then if F(I + DX, J + DY) is computed as follows:

F(I + DX, J + DY) = (1 - DX) (1 - DY) F(I,J)
+DX (1-0DY) F(I +1,J)
+DY (1-DX) F(I, J+1)
+DX (DY) F(I+ 1, J+ 1)

The value of F(I + DX, J + DY) obtained is the same as if F(X,Y) were a
harmonic function whose boundary values varied linearly along the boundaries
between the four points in question. This interpoiation scheme is used

several times in the BENDER subroutine.

Having found a normal vector (suitably interpolated) from the new
median surface which passes through a given grid crossing point on the old
surface to be displaced, the next task is to extend the vector--in one
direction or the other--until it intersects the old médian surface, so
that the displacement of the median surface can be calculated; this
displacement will contribute to the displacement of point on the old sur-
face to be displaced into the new, displaced surface. Again, it seems
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that the only way to do this is by an iterative procedure. The method
used is similar to that used with the normal vectors, above. Basically,
one makes a guess as to where the desired vector might originate cr
terminate, as the case may be. One then determines what correction is
necessary to make the ve~tor collinear (not necessarily in the same di-
rection) with a previously determined vector. This procedure is repeated
unti. either the computation drives the guesses out of bounds or the

process converges to a solution, within a reasonable tolerance.

Finally one encounters the same problems with surface fitting that
were discussed in conjunction with the TILT card (previous section). 1In
fact, the same code is used, since the TILT routine is part of the BENDER

subroutine. The same comments apply.
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APPENDIX III

PROGRAMS TUNN:iL AND GENTINL

by

P. K. Parish

SUMMARY

The two programs, TUNNEL and GENTNL, are alternative means of
creating the geology file, TUNNEL, required by the excavation model.
Program TUNNEL uses as input the GEOLOGY file generated by the geology
modell; program GENTNL allows direct creation of the TUNNEL file using ;

—

only card input.
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I. PROGRAM TUNNEL

A. PURPOSE

Program TUNNEL crezates, from the GEOLOGY file written by the geology
model, a TUNNEL file for input to the excavation model. The TUNNEL file
describes the properties of the rock encountered in a specific tunnel
through the three-dimensional area defined by the geology model. Execution

and information flow is shown schematically in Fig. III-1.

B. GENERAL TECHNIQUE

The geology information 1s read from the GEOLOGY file and stored
internally. The user, meanwhile, inputs (X,Y,2) coordinates of the end
points of any number of straight-line segments which describe the tunnel
midline through the given geological area. The program advances along
the midline of this tunnel at intervals of DELTA feet (see "OPTION" card),
determining what geological layer contains each point. Whenever a new
layer is entered (or the end of a segment is reached), a record 1is written
for the TUNNEL file.

c. INPUT
1. The GEOLOGY file, generated by the geology model, containing

three-dimensional layer and rock property information

2. User parameter cards

There are four types of input cards (see Table III-1): OPTION, START,
NEWLEG, and END. Each card is considered to have up to 6 fields of 10
columns each., The first field contains the alphabetic keyword, beginning
in column 1. Values entered in succeeding fields must contain decimal
points, but may appear anywhere in the assigned 10 columns. A descrip-

tion of each card type follows.

Preceding page blank
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Figure ITI-1. TUNNEL File Creation by Program TUNNEL
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TABLE III-1
INPUT CARD FORMATS FOR PROGRAM TUNNEL

1-10 11-20 21-30 31-40 41-50 51-60
OPTION DIAM XORIG YORIG UNIT DELTA (Optional)
START X Y Z (Required)
NEWLEG X Y Z (Optional)
[ ]
[ ]
[ ]
NEWLEG X Y Z (Optional)
END X Y Z (Required)
III-7
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parameters.

OPTION Input Card

if present, however, it must be entered first.

This card is used to override default values for certain program
If default values are acceptable, this card is not required;

For each parameter except

XORIG and YORIG (for which zero may be the desired value), a blank or

zero entry will cause the default to be in effect.

meters is written to the TUNNEL file.

Field

DIAM

XORIG

YORIG

UNIT

DELTA

Descrigtion

Tunnel diameter, in feet

X location (feet) coin-
cident with I=1 in geology
model grid. This is the
reference point used for

X entries on succeeding
cards.

Y location (feet) coin-
cident with J=1 in geology
model grid. This is the
reference point used for

Y entries on succeeding
cards.

Number of feet represented
by each SCALEX, SCALEY
unit in geology model grid.

The number of feet to be
used by the program be-
tween test points along
the tunnel midline.

I11-8

Default

10 ft

1 ft

1 ft

1 ft

20 ft

None of these para-

Comments

Currently not used
by the TUNNEL program

If OPTION card is
present, this field
must be filled in.

If OPTION card is
present, this field
must be filled in.

A smaller number here
ylelds greater accuracy
and longer procecsing
time.
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START Input Card

The X,Y,Z entries define the start of the tunnel midline through
the area described in the geology model. The X and Y coordinates refer
to the I,J axes of the geology model grid after application of XORIG,
YORIG, UNIT, SCALEX, and SCALEY. The Z coordinate correspohds directly

to those of the geology model, without transformation.

Hence, the X entered here will be transformed to the position XI

on the geology model grid by:

_ (X - XORIG)
Xp = 1+ SCALEX x UNTT

and similarly for YJ.

NEWLEG Input Card

If the tunnel 1s one straight-line segment, this card is not used.
If the tunnel is composed of Ns > 1 segments, however, there will be
Ns - 1 "NEWLEG" cards entered sequentially, each one containing the coor-
dinates of the start of each new segment (except for the first segment,
the coordinates of which are entered on the START card). There 1is no
practical upper limit for Ns. X, Y, Z are interpreted as for the START
card.

END Input Card
The last card entered must be an END card. It tontains the position

of the end of the tunnel midline. X, Y, Z are interpreted as for the
START card.
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D. OUTPUT

1.

A printed report, showing the OPTIONs in effect, and a copy

of the information written to the TUNNEL file.

The TUNNEL file, which will be input to the excavation model.

Each logical record on the file contains the following fields:

a.

POSITION: The distance, in feet, from the beginning

of the tunnel (X = 0) at which the following properties
cease to apply. That is, the properties are applicable
through the interval from the POSITION given on the
preceding record (or from X = 0 for the first record)

up to, but not including, this POSITION.

PROPERTY 1: Unconfined compressive strength, psi
PROPERTY 2: Abrasiveness

PROPERTY 3: RQD, rock quality designation
PROPERTY 4: 1In situ density, lb/ft3

PROPERTY 5: Ambient temperature, °F

PROPERTY 6: Water inflow rate, gal/min

IFLAG: Not used at present. May be utilized later to
indicate mixed geology situations.

The FORMAT statement used to write each record is 'FORMAT (7(1PE18.10),

12)."

End-of-file is indicated by a dummy record containing a POSITION < 0.

For the logic of the TUNNEL program, as well as for the geology

model, the entity assigned to any PROPERTY is completely arbitrary. The

definitions shown here are those currently expected by the excavation

model.
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E. PROGRAM LOGIC

1. Main Program
Program TUNNEL reads the GEOLOGY file, processes the user input

cards, and creates the TUNNEL file. The program technique is described
in Sec. III-B, "General Technique." A flow chart is shown in Fig. III-2.

2. Subroutine GETLYR
This subroutine is used to determine which geological layer (LL)

contains the point (XX,YY,2Z).

Layer information is given in the GEOLOGY file only at the integral
(1,J) grid points, hence interpolation may be required when seeking layer
information at (XX,YY). Throughout the following discussion, Z(I,J,L) =
vertical position in feet of the upper boundary of layer L at grid point

(1,J).

First, (XX,YY) is translated to the geology model's (I,J) grid by:

(XX - XORIG)
SCALEX X UNIT

XCOOR = 1 +

(YY - YORIG)
SCALEY X UNIT

YCOOR = 1 +

The integers bounding (XCOOR, YCOOR), then, are given by:
ILOW < XCOOR < IHI
JLOW < YCOOR < JHI

The four grid points surrounding (XCOOR, YCOOR), therefore, are (ILOW,
JLOW), (ILOW, JHI), (IHI, JLOW), and (IHI, JHI).

II1-11




PROGRAM
TUNNEL

INITIALIZE
CEOL CALL RDGEOL
- TO STORE
ng ) GEOLOGY DATA
80 300
HAS END SET DDL =
CARD BEEN -100 (END-
READ? OF-FILE
INDICATOR)
y NO
|74
USER INPUT X READ A /
DATA CARD
WHAT
TYPE OF
CARD?
"OPTION" s "START" "NEWLEG" "END! "OTHER"
170 190 W 180
, STORE END- SET FLAG PRINT
; = PRINT REPORT
mie Frrst Yd / HEADINGS, POINT IN INDICA- ERROR
OPT ION 2
CARD? Tl RS (x2,Y2,22) o MESSAGE
NO l & READ
INCREMENT
PRINT STORE START- TUNNEL SEG-
ERROR ING POINT IN MENT COUNT
MESSAGE (X1,v1,21) (LS%ENO)
DETERMINE
EXIT (SINGTL)
160 T CALL GETLYR
FIRST . £
STORE TUNNEL YES TO FIND
OPTION L LAYER (LL) OH
VALUES ' ’ (X1,Y1,21)

¥

Figure I1I-2. Program TUNNEL Flow Chart
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SET END-OF-
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If (XCOOR, YCOOR) falls within the (I,J) grid (i.e., if 1 < ILOW <
NX - 1 and 1 < JLOW < NY - 1), the processing is as follows

1. The layer information for the four surrounding grid points is
examined. If ZZ is contained in the same layer at each point,

that layer number is stored in LL, and the subroutine returns.

2, Otherwise, interpolation is required. To do this, the upper
boundary of layer L in this grid square is assumed to coin-

cide with the plane defined by the three points:

. ILOW, JLOW, Ze1Low, JLOW, L)

. IHI, JLOW, Z (1M1, JLOW, L)

. (XCOOR, JHI, ZC), where ZC is calculated by finding
the equation of the line {(2-point form) in the (X,Z)
plane connecting the points (ILOW, JHI, Z(ILOW, JHI, LJ

and (IHI, JHI, Z(IHI, JHI, L))’ substituting XCOOR

and solving for ZC.

3. The subroutine, then, cycles through for each layar L defined
in the geology file, derives the equation of the plane (3~
point form) defined by the above three points, substitutes
XCOOR and YCOOR in this equation, and solves for Z. This

value Z is stored in ZHOLD(L), and represents Z(XCOOR, YCOOR, L)'

4. When ZHOLD(L) has been calculated for all L, the routine finds
the lowest ZHOLD(L) such that ZHOLD(L) > ZZ. This L is stored
in LL as the layer containing (XX,YY,ZZ).

Special cases exist if (XX,YY) falls outside the geology model grid.
Here, each boundary grid line is assumed to define the area beyond it;
e.g., the layer information for I= NX is taken to be true for all I > NX.
Hence, if the given point (XX,YY,ZZ) is N,S,E, or W of the grid, only

two (1,J) grid points need be examined, and interpolation, when necessary
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is done in two dimensions. For a point NE, NW, SE, or SW of grid, only
one (I,J) gridpoint must be examined, and no interpolation is required.

3. Subroutine NEWPNT

Given the end points of a straight-line segment, (X1,Y1,Z1) and
(X2,Y2,22), subroutine NEWPNT determines the coordinates (XM,YM,ZM) of
the point on the line segment which is DL ft from (X1,Y1,Z1). It is used

by program TUNNEL to retrieve each successive point along the tunnel mid-
line, at intervals of DELTA feet, which is to be tested for layer informa-

tion.

In the normal case, X1 # X2, Y1 # Y2, and Z1 # Z2. The derivation

of the calculations perforued when this is the situation is as follows:

a. The formula which is to be solved for (XM,YM,ZM) is that
for the distance, DL, between the points (X1,Yl,Zl) and
(XM, YM,ZM) :

o= Joo - X2 + ot - v 2+ (o - 21)?

b. In order to reduce the problem in (a) to one unknown, YM and
ZM are expiessed as functions of XM using the 2-point form

of the straight-line equation:

(Y2 - Y1)¥M - (Y2 - Y1)X1

YM = Y1 +

(X2 - x1) (X2 - x1)
. (22 - ZDXM (22 - Z1)X1
M=zl + ST TR (X2 - X1)
c. Substituting the expression for YM and ZM from (b) into

the equation in (a) yields:

(2 - y1)2 , 22 = z1)?

pL? = [xd - x1)2 [1+ - -
(X2 - X1)° (X2 - x1)

I1I-15




This is then solved for XM as follows: Let

2

2 o
(Y2 - Y1) + (22 - Zl)z , a constant.

x2 - x1D°  (x2 - x1)

a constant. Then

acen? - 2ax) e + a2 - o2 = 0

from (c). Let

B =-2A(X1) and C = A(Xl)2 - DL2

both constants. Then we have
AGM)Z + BGXM) + C = 0.

XM can now be found by computing

-B + VB ~ 4AC

2A

(Note that B2 - 4AC simplifies to 4A(DL)2) and selecting

the root which is between X1 and X2.

Once the required XM is found, the corresponding YM and ZM
can be determined by substituting the value for XM in the

expressions of (b).

ITI-16
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Special cases exist if X1 = X2, Y1 = Y2, or Z1 = Z2. If only one
of these conditions is true, then the same procedure is followed as in
the normal case except that the problem is reduced to two dimensions.
If two of the conditions exist, then the problem is one-dimensional,
and the proper coordinate of (X1,Y1,Z21) is simply incremented (or de-
cremented) by DL.

4, Subroutine RDGEQL
Entry RDGEOL reads the entire GEOLOGY file and stores the informa-

tion internally for retrieval during program execution. The variables
stored as they are on the file are NX, NY, SCALEX, SCALEY, INDEX(25),
and PROP(6,25). Layer information is stored in ZSTOR(30,30,25), where
ZSTOR(I,J,L) contains the depth in feet of layer L at grid point (L,J1).
A flag array, LFLAG(25), is set during reading such that LFLAG(L) = 1
if the GEOLOGY file contains data for layer L; it is zero otherwise.

Given II, JJ, and ZZ, where II and JJ are integers, entry FINDL

examines ZSTOR(II,JJ,L) for all L to determine what geological layer (LL)
contains ZZ. It is used by subroutine GETLYR.

+ III-17




II. PROGRAM GENTNL

A. PURPOSE

Program GENTNL, using card input only, creates a TUNNEL file for
input to the excavation model, thereby bypassing the geology model.
Execution and information flow is shown schematically in Fig. III-3,

B. GENERAL TECHNIQUE

The input cards are read, checked for ascending sequence by POSITION,
and the values written to the TUNNEL file and to the printer. There are
no practical restrictions to the number of cards or the number of PROPERTY

combinations :Input.

C. INPUT

User data cards, containing the values which are to be written to
the TUNNEL file, are the only Input. The card format is shown in Table
III-2. Any number of cards may te submitted, but the last card must con-
tain a negative number in the first word (POSITION) to indicate the end-of-
input. Each card is considered to have 8 fields of 10 columns each; each
number entered must contain a decimal point, but may appear anywhere

within its assigned 10 columns.

D. OUTPUT
1, A TUNNEL file for input to the excavation model. For a file
descviption, see OUTPUT under program TUNNEL.

2, A printed copy of the contents of the TUNNEL file.
E. PROGRAM LOGIC

The program is basically a card-to-tape-and-printer utility which
includes a sequence check on the POSITION field.
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Figure III-3. TUNNEL File Creation by Program GENTNL
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APPENDIX IV

-
EXCAVATION MODEL
Il .

M. McJunkin

F. H. Murphy
- . B. H. Lieu
é- SUMMARY

' This appendix reviews the programming details of the excavation
model and gives a short description of its conccpéunl basis. The sub~
routines simulating the tunneling activities are then described in detail,
followed by a: deocription of stips that need to be taken to incorporate
the routines described into a control program which will coordinate the
tunneling activities. Finally, the contrel logic required to coordinate
any simulation is described, and the comstruction of a ‘sample control
program with its asoociatcd input and output routines i3 diocuoood.
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1. NOTES ON EXCAVATION MODEL DESIGN

The tunneling model is designed as a time-step simulation program.
Each step in the simulation is considered to occur between one well-
defined time and state of existence and another. The data required to
so proceed is processed by subroutines that correspond to the various
activities in the tunneling process being simulated. The subroutines
simulate the whole excavation process. A control program must be provided
by the user to coordinate the activities of the subroutines, initialize

data, and print output reports.

The concept of the simulation proceeding from one well-defined

time and state to another is implemented through the use of "old" and
"new'" working parameter common areas (OLDCOM, NEWCOM). During any given
time step, the contents of OLDCOM describes the state of the tunneling
system at the beginning of the time step; the NEWCOM contents describes
the state of the tunneling system at the end of the current time step.
Each subroutine receives its input information from OLDCOM and places

its output information in NEWCOM. Each subroutine, therefore, determines
the state of the system at the beginning of the new time step according

to information received at the beginning of the current time step.

Figure IV-1 illustrates the flow of information which is processed
by any given subroutine. Some of the information paths for some sub-
routines may be absent, but no subroutine has any information path not
depicted in Fig. IV-1. It is emphasized that all infcrmation transfer
to and from subroutines is through common areas; the cuntrol program is
not in any way involved in information transfer to and from subroutines.
From time to time, as the tunnel advances, the control program trans-
fers new geology information to the common area of an old working para-

meter, but it never transfers information directly to or from a subroutine.

Parameter information for the use of the subvroutines is read by the

control program and is placed in the common areas. After cards are read

V-6
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in, each subroutine which has an initialization entry point is called at
that entry. The subroutines contain default values for the various para-
meters. If no card input information has been provided for one or any

of them, the model uses the default values. This approach was taken in
order to avoid the need to specify large numbers of parameters. Parameter
information for one execution of the model need contain specifications

only for those subroutine parameters which are of interest.

The time stepping and the approach creating two working common areas
leads to a simplification of reality, forcing the simulation model to
operate in a discontinuous fashion (in reality, some tunneling processes
are continuous). This is not considered to be a significant problem as
long as the time steps are kept relatively short--perhaps about 1 to 10

minutes.

As the subroutines are executed, cost, availability, and utilization
information is generated and cumulated. This information is placed in
common areas by the ibroutines involved. These common areas are used to

compute values for printing reports.
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II. DESCRIPTION AND FLOW CHARTS OF SUBROUTINES IN EXCAVATION MODEL

A, INTRODUCTION

The subroutine descriptions are grouped by the element of excavation
and subgrouped by the type of tunneling they represent. For example, the
first group of subroutines (Sec. IV-B) covers rock fragmentation, each
type of fragmentation (boring machine, water jet, etc.) being described
separately. Also discussed are the input and output routines written
for the Layout Tunnel (see Vol. I of this report), which may be modified
for use in other simulations. Figure IV-2 is a chart of subroutines re-

lated to the operations they simulate.

The text of this section of Appendix IV is organized as follows:
. A short description of the process being simulated.

] A list of the common blocks that need to be included in any
control program written to simulate an excavation using a
given process. Note that, in addition to the common blocks,

any TYPE, EQUIVALENCE, and/or DATA statement involving a

variable in the common blocks listed must be included in the

model.

8 A list of input variables, principally a NAMELIST (and its
variables).

] A list of status variables through which the subroutines

change the status of the process or of another process.

Almost all of the status variables exist in two forms: present
and future. They belong to the two common areas (of parameters)
described in Sec. I of this appendix. The future form is that
shown in ‘he descriptions of routines. These variables are
used to turn on and off the excavation in the sample control
program. However, they can also be used to turn off other
processes or change subroutine calls, thus giving the user

more flexibility in simulating the tunneling process.

V-9
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Input variables and status variables are defined in Appendix VI,
and should be studied in conjunction with the listings and definitions in
Appendix VI.

Several general statements that apply to the subroutines follow.

T

T @ R NN g el il

-

1.

All subroutines have a normal entry point, used when the rou-
tine 1s called during the run for each time step. A few sub-
routines have two normal entry points (e.g., SURGE), and these

are called by other subroutines, not by the control program.

Most subroutines also have an initialization entry point. Un-
less otherwise stated, the initialization entry should be called
only once, at the start of the run immediately following the

reading in of cards.

As mentioned above, status variables have two forms. The
future form of the variable is usually the present form pre-
ceded by an F or L. For example, the status variable in

CVMNT which indicates whether the loader is being maintained
has a present form MCV and a future form LMCV. Each subroutine
uses the present form to indicate the present status of the
process described, and changes the future form as a result

of computations. The subroutine never changes the present
form. At the beginning of each time step the control program
sets the present status variables equal to the future variables
and thus updates the status of processes. For example, in

the sample control program, LIEXCA is set equal to 1 in GRNSUP
to indicate that ground support is falling too far behind the
excavator and as a result the excavator must be turned off in
the next cycle to allow ground support to catch up. At the
start of the next cycle IEXCA (the present variable) is set
equal to LIEXCA in the control program. When the checks are
made to determine the status (MBORE) of the boring machine,
IEXCA 1s found to be 1 and MBORE 1s set equal to 7, indicating
that the boring machine is idle.

Iv-11
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B. ELEMENT: ROCK FRAGMENTATION
1. Type: Boring Machine

The set of subroutines BORE, CUTTER, and REPAIR simulate rock frag-
mentation using a boring machine. These routines are currently set up
so that their status variables are not in the two parameter common areas i
(OLDCOM, NEWCOM) but are single variables which have only a present form.
This could be changed by having the user insert another form in the routines

and put the two forms in COMMON/OLDCOM/, COMMON/NEWCOM/.

Common blocks: COMMON/ALL/
COMMON / BORE /
COMMON / PERFRM/
COMMON /MONEY /

Input variables: NAMELIST/BORE/ 7
CL, CPC, DIA, DIC, DTCD, DTD, DTM, KK, PBM, R,
RC, RPM, TR, XCPC, EBOREQ, ETRANSL, DIJMBMM, BOMEN, BOCST 3

Status variables: MBM
MBORE 71
LNCUTR '
-y

BORE - Rock Fragmenting

Operating time, plant and equipment costs, and labor costs for the

Mj

boring machine for each time slice are computed and cumulated. If the
boring machine is operating it computes the distance traveled by the

boring machine and the job material cost of operating the machine. }

CUTTER - Changing Cutters .i

Cutter wear is computed if the boring machine is operating and
cutters are not being replaced. Cutter wear is checked and cutters are ¥
scheduled for replacement by setting LNCUTR = 1 if necessary. If cutters

are in the process of being replaced, then one time step (DT) is added

1v-12

v



pamsd g iy ) el ot e OB

- N N S e SR AR Eed ey Ry

P |

to the time already spent in replacement. If time spent in replacement
is greater than or equal to the replacement time input by the user, then
replacement of cutters is scheduled to end in the next cycle by setting
LNCUTR = O,

REPAIR - Repairing Boring Machine

The subroutine cumulates time until the user input time for scheduling

maintenance 1s reached. At that point, maintenance 1s scheduled for the
machine to start in the next time cycle by setting MBM = 1 and cost of
the maintenance is computed. If maintenance is in progress, then time

is added to the user input maintenance neriod. When the user input main-
tenance period has elapsed, maintenance is scheduled to end in the next
cycle by setting MBM = 0,

2. Type: Water Jet
The set of subroutines JETIMP, JETMNT, and JETAGN simulate rock

fragmentation using water jet impact, continuous and intermittent pulses.

Common blocks: COMMON/ALL/
COMMON/NJETS/
COMMON/ PERFRM/
COMMON/MONEY/
COMMON/OLDCOM/
COMMON/ NEWCGM/

Input parameters: NAMELIST/JETS/PNOZZ, DNOZZ, NJETS, MODEJ,
PPM, PULSED, ETAJ, ETAIMP, ENERGJ, DTCJET,
DIMJET, DJMWJM, DTRJET, XRJET

Status variables: LMWJ
LMWJR
IMWIM
FHEA.'J
FQWATR

Iv-13
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JETIMP - Jet Impact

In a normal entry a check is made to determine if the water jet is
operating (MWJ = 0); if not the routine is exited. If it is operating,
the subroutine computes the amount of rock disintegrated, the amount of
heat and water added to the tunnel by the jet, and the cost for one time

step.

JETMNT - Maintenance

A normal entry checks first to find whether maintenance is in
progress. If not, then one time step is subtracted from the time left
until the next maintenance period (time between maintenance periods input
by user). If the remaining time is then O, and if repositioning is not
being done (MWJR # 0), the jet is scheduled for maintenance in the next
time step by setting IMWIM = 0 and set LMWJ = LMWJ + 1 to indicate jet

not operating.

If maintenance is in progress at entry to the routine, the time
elapsed for maintenance is increased by one time step. If the user impact
time for maintenance (DTMJIET) has been reached or exceeded, the jet is
scheduled for removal from maintenance in the next time step by setting
LMWIMC = 1 and subtracting 1 from LMWJ, and the cost is increased by the

cnst of a maintenance period.

JETAGN - Repositioning in Progress

The first check in a normal entry determines whether the jet is
operating; if not, then if maintenance is in progress the routine is
exited. If maintenance is not in progress, if the jet is not operating,
and if repositioning is being done, one time step is added to the elapsed
repositioning time and a check is made for repositioning completed. If
it is completed, then its completion is scheduled for the next time step
(LMWJR = 1 and LMWJ = LMWJ - 1).

If the water jet is operating at normal entry to the routine, then

the distance traveled by the jet since the last repositioning is checked.

Iv-14
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If it is greater than the user input maximum allowed distance, reposition-

ing is scheduled for the next cycle (LMWJR = 0, LMWJ = LMWJ + 1).

3. Type: Projectile Fragmentation
The set of subroutines PROJTL, PRJIBR, JETAGN, and JETMNT simulate

rock fragmentation using projectile impact. The routine to simulate
repositioning of the guns is the same as for the water jet, as is the
maintenance routine. The initialization and normal entry points are
different, however (PRJAGN and PRJPOS for the repositioning routine, PRIMNT
and PRIRPR for the maintenance routine).

Commor blocks: COMMON/ALL/
COMMON/NJETS/
COMMON/PERFRM/
COMMON/MONEY/
COMMON/OLDCOM/
COMMON/NEWCOM/

Input parameters: NAMELIST/PELLET/DTCJET, DTMJET, ETAGN, ETAIPT,
WPRJ, VELPRJ, VOLPRJ, NGUNS, CSTPRJ, PRIPM,
CPBRL, TRBRL, BLT, XRJET, DJMWJM, DTRJET

Status variables: LMPI
LNBARL
LMWJR
FHEATJ

PROJTL - Rock Fragmentation

In a normal entry a check is made to determine if projectile guns
are operating. If yes, rock fragmented, advance of face, power costs,
and heat generated are calculated for one time step. Total job materials
cost for rock fragmentation is incremented. If no, the subroutine is

exited.

Iv-15
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PRIBR - Barrel Replacement

In a normal entry a check is made for barrel replacement in progress;
if it is not, time elapsed since replacement is increased by cne time step.
Time elapsed against user input time between replacements is checked. If
it is time for replacement, repositioning of barrel in progress is checked.
(MWIR = 0). If it is not, barrel replacement is scheduled for next time

step (LNBARL = 0, LMP1 = LMP1 + 1).

If on the first check in a normal entry barrel replacement is in
progress, then time elapsed since barrel replacement began is incremented
by one time step. A check is made for replacement completed. If com-
pleted, end of replacement is scheduled for next time step (LNBARL = 1,
LMPI = LMPI - 1). Job material cost (DJMRD) is incremented by cost of

replacement.

4, Type: Drill and Blast

This set of four subroutines simulates rock fragmentation by drill-
ing and blasting. The four subroutines provided are: MOVEIN, MOVEOUT,
HOLEBRN, SETCHG. A maintenance routine which can be patterned after the
general maintenance routine XXXMNT shown in Appendix VI must be provided
by the user. Note that variables chosen for maintenance times and costs

must be added to NAMELIST below and to COMMON/BLAST/.

Common blocks: COMMON/ALL/
COMMON /MONEY/
COMMON/PERFRM/
COMMON /BLAST/
COMMON/OLDCOM/
COMMON/NEWCOM/

Input varianles: NAMELIST/BLAST/PF, TYPEPF, TCHG, MEN, NH, CCAP
WPL, CPL, CEX, CM, ND, LD, NHB, NDB, LDB, POD,
ADH, SE, POB, LBIT, LSTEEL, LBURN, TIN, TOUT,
CSTEEL, CBIT, CBURN, ADH, ADB

IvV-16
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Status variables: LNDRLB
LNCHRG
LJUMOT
LJUMIN
LNDRIL

HOLBRN - Drilling

The subroutine simulates the drilling of holes of a burn pattern
with drifter drills and burn-cut drills. In a normal entry one time
step is subtracted from both time to drill holes with percussion drills
and time to drill with burn-cut drills. If the result for percussion
drills is positive, then the result for burn drills is checked; if both
are positivce, then drilling is not finished and the subroutine is exited.
If one or both of the results are negative, drilling for one or both is
scheduled to end in the next cycle (LNDRIL = 1 and/or LNDRLB = 1) and

costs of drilling are calculated before the main program is resumed.
Note: Initialization must be redone for each drilling period.
Therefore, the control program must reset to ICYCLE =1

when drilling is to be done.

SETCHG ~ Setting Charges

The subroutine simulates setting the blast charge. In a normal
entry, one time step is subtracted from the time remaining to set a charge.
If time still remains, the main program is executed. If no time remains,
the finish of setting charge for the next cycle is indicated (LNCHRG = 1).
Job materials costs for setting charges are computed and a return main

program 1is executed.

Note: This routine, like HOLBRN, must be initialized for each
drilling period.

1v-17
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MOVOUT - Moving Out Drilling Equipment

This subroutine simulates moving out drilling equipment. 1In a
normal entry the time to move out is decreased by one time step. A
check is made to letermine whether moving out is completed. If it is,
then end of moviirg is scheduled for the next time cycle by setting
LJUMOT = 1.

Note: This routine must be reinitialized each time moving is

done by setting ICYCLE = 1.

MOVEIN - Moving Drills In

This subroutine simulates moving drills in. A normal entry first
decreases moving time remaining by one time step. Then, if no t'me re-
mains, the end of moving is scheduled by setting LJUMIN = 1. Also, the
number of feet that the tunnel will be advanced (DX) and the volume of

muck created (DV) for this drilling and blasting cycle is computed here.

Note: This routine must be reinitialized each time moving is

done by setting ICYCLE = 1.

c. ELEMENT: MATERIALS HANDLING (SHORT HAUL)

1. Type: Integrated Conveyor Loader

This set of subroutines simulates moving muck from the face area.
It must be used with another set of subroutines for long haul (e.g.,
reils). Together the two sets simulate removal of the muck to the dis-
charge area. The integrated conveyor loader is simulated by two subrou-

tines CVLOAD and CVMN1.

Common Blocks: COMMON/ALL/
COMMON /OLDCOM/
COMMON /NEWCOM/
COMMON /WHEELS /
COMMON /CONVEY /
COMMON/PERFRM/
COMMON /MONEY /

IV-18
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Input parameters: NAMELIST/LOADER/AB, VBI, SM, TCCV, TMCV, WMR,
MLTYP, ECONEQ, ECONESS, JMCV, CVMEN, CVCST

Status variables: LMCV
LLOADR
LMFLAC

Note: Operating time for the total muck hauling (short haul and iong
ha'’ ‘s computed in the long-haul subroutines. Long haul and

short haul each compute down time.

CVLOAD - Loading Muck

One time step is added to labor time used for the loader, operating
time for materials handling is updated, plant and equipment costs are
updated for the time period advance. If the loader was unable to handle
all the muck on the last cycle, or no train was available for loading the
excess muck remaining is computed, then the total muck to be moved is
computed. The muck is then either loaded onto vehicles (MLTYP = 1), or
carried away by a conveyor (MLTYP = 2). (A check is made to determine
if the long-haul system will take it all. If not LLOADR is set to 1 to
indicate that it is overloaded.) If rails or trucks are the long-haul
system and none is available for loading, LLOADR is set to 1. After
loading the vehicle is sent to the discharge area if it is full.

CVMNT - Maintenance

One time step is added to the time elapsed since the last maintenai:e
period. If the user input time between maintenance periods has been ex-

ceeded, maintenance is scheduled for the next time step by setting LMCV = 1.

If maintenance is in progress, then one time step is added to the
time already accumulated for this maintenance period. If the time accum-
ulated is greater an or equal to the user input maintenance period, the
loaJer is schedv -~ <o go back into operation in the next time step by

setting LMCV = O.

IV-19



2, Type: Machine Loaders and Shovels

This set of subroutines simulates removing of muck from the face
area and is interchangeable with the integrated conveyor loader set. It
is to be used with one of the sets of subroutines for long haul. Together
they form the simulation of materials handling in the model. It consists
of three subroutines, MUKLOD, MUKIN, MUKOUT; and a fourth routine, CVMNT,
is used for simulating maintenance. (The same routine, CVMNT, is used by
the integrated conveyor loader.) Wote that MUKIN and MUKOUT status
variables must be set = 0 in the control program to initialize each move

in and out, respectively, from the face.

Common blocks: COMMON/ALL/
COMMON/COMOLD/
COMMON/COMNEW/
COMMON/WHEELS/
COMMON/CONVEY /
COMMON/PERFRM/
COMMON /MONEY /

Input variables  NAMELIST/SHOVL/
STIME, QDMR, DTMO,
DTMI, TMCV, TCCV,
MLTYP, JMCV

Status variables: LMKIN, LMUKOT,
LLODR, FQL

MUKIN - Moving In Shovels

In a normal entry, the routine determines whether muckers are in
the process of being moved to the face. If not, nothing is done. If
they are being moved in then their moving time is decreased and a check
is made to determine if the move has been completed. If it has, LMKIN
is set to 1 to indicate completion.

MUKOUT - Moving Out Shovels

This routine handles the moving of muckers away from the face in

exactly the same way MUKIN handles their moving to the face.

1v-20
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MUKLOD - Loading Muck

In a normal entry, the routine first determines whether a continuous
main-line system (long-haul system is a conveyor belt) is being used. If
it is, then the mucking rate is computed and compared with the muck to be
moved. If the mucking rate is not adequate, LLODR = 0 is set to indicate
mucking still in progress, load as much as possible. If the mucking rate
is adequate, muck is loaded. If a unitized main-line system is being used
instead of a continuous system, then a first check is made to determine
if units (e.g., trains) are being switched. If yes, the time used for
switching has one time step added to it. Time used for switching is com-
pared with time needed to complete switching. If still more time is needed,
no loading is done. If switching is finished and time is left, then the
mucking rate is computed for time remaining. The number of units per
vehicle is checked (e.g., muck cars per train). If there exists only one
unit per vehicle, the full vehicle just switched with the empty one is

released. If there is more than one unit per vehicle, a check determines

"if all units are filled; if so, the vehicle is released. Whether a ve-

hicle is released or not, the computation for loading muck described below

is done for whatever time remains.

If no vehicles are being switched, the calculation of the mucking
rate is made. If it is adequate for the muck to be loaded, LLODR is set
to 1 to indicate loading is complete. If unit is full after loading,
switching time is set (TIMEL) and the check for switching time is made as
described above. If the unit is rot filled, the routine 1is exited.

D. ELEMENT: MATERIALS HANDLING (LONG HAUL)

1. Type: Rails
The set of subroutines simulates a long-haul rail system to carry

the muck to the discharge area. This set in conjunction with a set of
short-haul subroutines from the materials handling element of tunneling.
The routines in the set are RAILHL, CUBIC, ADDTRN(I), RAILDS, RAILEX,
and RAILMT.
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Common clocks: COM: v/ALL/
COMAIN /Wil lELS /
COMMON/ 01.DCOM/
COMMON /NEWCOM/,
COMMON /MONEY ,
COMMO!. /PERFRM/

Note: The routine CUBIC doec nut need any common b!ocks.

Tnput variables: NAMELIST/RAI.TS/ AE, AF, AMAX, AMAXL, AMINL, BSL,
CARCAP, CP, DL, DF, DIAS, DIMA, DTU, NSWCIF,
NGEO, NEXON, XDE, AB, VBI, SM, EL, FC, FR, FT,
HPA, HPEV, H°LA, HPFA, HPFV, HPV, LOCO, MC, ML,
NCARS, NPOINT, NTD, NTM, NTMAX, XP, NTMILP, NTMLPP,
NTRACK, SL, TCURVX, TCURVY, TMAINT, TWE, VD, VE,
VF, VS, VMAX, WC, WL, XDX, MAXLD, NVEHCL, NUMSWT,
SWITCH, ISTA, TPOS, TSPD, TMAIN, KSTOP, MLTYP, WMR,
ELOCO, FEMU2XZ, ETRACK, ESWITC, EUNLOA, ERMAIN,
JMMIIM, NUMLD, ISW, RAMEN, RACST.

General status variables: TLUHCL
LNBYBRY
LNSWCH
LIFILD
LKUNLO
LLSTOP
LNTRADA
LNVHCL
LNMSWT
NUMLD

Status Variables for Each Train:

FTSTAT (J, 1), J Jth Train/Truck

I =1 Status (see below) P
2 Position, feet from discharge area !

= 3 Speed, mph
4

Days since last maintenance, days I

FTSTAT (J, 1)

= 0 Train/truck is stopped, FMPTY reason given
= 1 Train/truck is stopped, FULL ly JSTOP(J)

= 2 Train/truck is excelerating, E

V.22



= 3 Train/truck is excelerating, F

= 4 Train/truck is going at full speed, E
= 5 Train/truck is going at full speed, F

= 6 Train/truck is decelerating, E
= 7 Train/truck is decelerating, F

= 8 Train/truck is in switch, E
= 9 Train/truck is in switch, F

= 10 Train/truck is in discharge area

= 11 Train/truck is in maintenance &rea

ISTOP
= 0 Continue train/truck system
= 1 Shut down train/truck system

= 2 Bring up train/truck system

LKSTOP(J)

Not stopped

At face, loading
= In switch, train stopped ahead

In switch, train approaching

External reasons
In switch, waiting to enter discharge area

o W N PO

In switch, waiting to enter load area

= 101, 102 ... At face, in queue

FUTIME(J) = Time to unload train J
FTOP (J) = Cumulative operating time of train J

FTFC(J) = Cumulative cost of train J

Status variables for each switch K: Kth switch

FSWTCH(K) = Distance in feet of centroid of switch K from discharge

area.
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RAILHL - Handling Muck by Train

The subroutine first adds DT to the labor time for rails. [t also
computes plant and equipment cc~" s and down time for the rail system.

Then it sets into local variea ' s the (see Table V-2 fur status codes):

Status of each train (ITSTAT(J, 1))
Position of each train (TSTAT (J, 2))
Speed of each train (TSTAT(J, 3))
Maintenance factor (TSTAT(J, 4))
Reasons train stopped (KSTOP (J))
Cumulative cost for train (TFC(J))
Operating time of train (TOP(J))

It then divides DT into smaller time cycles, and if the system is operating
puts each train through the smaller time cycles until DT is reached, chang-
ing the train's status as indicated by its status at the beginning of the
cycle and what is happening to other trains. For example, if train 1 is
waiting to move toward the discharge area, and train 2 is moving back

from unloading to loading area, train 2's progress will be calculated and
monitored by train 1. When train 2 is back to the loading area then

train 1 will be allowed to start for the discharge area.

If the system must be brought up or shut down, this is done first
and then each train is put through the small time cycles. After all
small time cycles are finished, the global status variables JSTAT (J, 1,
etc.) are reset to the updated values of the local variables and the sub-

routine is exited.

CUBIC

This routine is a function which finds the first real root of a

cubic equation.
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RAILDS - Unloading Muck at Discharge Area

This subroutine accounts for unloading much from trains. If unload-
ing has been stopped (KUNLO = 1), the routine does nothing; otherwise,
it determines whether any train is unloading. If train J is unloading
(ITSTAT(J, 1) = 10), the time remaining before it completes unloading is
computed. If it will be finished before the end of the current time cycle,
train J is added back into the system (if systom is 2 track) or (if system
is 1 track) subroutine AINTKN is called and adds the train back into the
system if it is possible. If the train has been added, the count of trains
in the discharge area is reduced by 1. After all trains have been dealt
with, the number of trains left in the loadirg area at the next cycle is
compared to the allowed number. If the number is greater than allowed,
the run is stopped. If it is equal to the numbecr allowed, the discharge
area is indicated filled for ‘he next cycle by setting LIFILLD = 1. If
it is less than number allowed, the discharge area is indicated ready

for a train by setting LTT'ILLD = O.

RAILEX - Extend Track

This routine handles extension of the track for the trains. If
rail extension is stopped (NEXON = 1), the routine does nothing. Other-
wise, NSWTCH is checked to determine whether the switch is already being
moved. If not, the track extension needed is computed using either
cyclic operations geometry (NGEO # 1) or continuous operations geometry
(NGEO = 1) which has been input by the user. If the computed advance of
the track is not enough to allow the excavator to continue operating,
then the excavator is turned off for the next cycle by setting LNBYBY = 1.
Then there is a check to determine if a new switch needs to be added and/or
the last switch needs to be pushed forward. If either of these need to

be done, computations described below are done.
If at normal entry a switch was being moved or added, then time to

move the switch and/or add a switch is decreased (computed if just be-

ginning move or add) and the completion is scheduled when finished. In
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pushing the last switch torward, it i. uot marke« as pushcd forward until
after the time to push it is iinished. 1t is pusued eithcy a distance
equal to the excavator's progress in the cycle (DX) or by a distance pre-
set by the user (AMAXL - AMINL). The latter distance will be used unless
AMAXL = AMIN.L. If a switeh is to be added, apain it is not indicated as
having been acded until the time to add it is over. 'Theu, the number of
switches is vpdated and the position of the new switch is put just behind

the position of the moveable switch which is «lways closest to the face.

Finally, a check is made to determine if 2 train should te added
to the system siuce the rails have been extended. Dlscance from the
portal in miles is computed and compared against user inputs which give
NTMILP trains allowed before XP miles and NTMLPP trains 2llowed after XP
miles. If the number of trains in the system is already equal to the
number allowed, no train is added. Utherwise, ADDTRN is called if the
discharge area is not filled. The new train, if ADDTRN zllews it, is

entered into the discharge area.

RATLMT

DT is added to the time since last maintenance TSTAT(I, 4) for each
train T which is not unloading or already in maintenance. If for any
train I, TSTAT(I, 4) is greater than the user input time between mainte-
nance, the train is put into maintenance (if maintenince area 1is not

full).

If a train T is already in maintenance, then its time in maintenance
is decreased by DT. If this time has reached 0, the train is returned
to the discharge area from the maintenance area and rost of maintenance

is computed.
Finally, the number of trains in maintenance, NTMA, is compared to

the user input maximum allowed trains. If too many trains are in mainte-

nance an error message is printed and the run is stoppec.
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2. Type: Conveyor Belt
A set of four routines: TRNPRT, EXTNSN, SURGE, and BELT, simulates

hauling muck to the discharge area by the conveyor. Each routine need be

initialized only once at the start of the run. Initialization is done
by setting ICYCLE to 1 before calling each routine. SURGE need never be
initialized.

Common blocks: COMMON/ALL/
COMMON/MONEY /
COMMON/PERFRM/
COMMON/NEWCOM/
COMMON/OLZCOM/
COMMON/CONVEY /

Input variables: NAMELIST/BELTS/VBI, WP, AB, ACM, NGEO, SM, DTBS,
QC, FL, XE, NSURGE, DWM, DTC, DIMB, EE, HP, FLM,
SMIN, XLF, WBI, DMAINT

Status variables: LMCAPC

LNSURG

LMACON

LNSPLC

LNBYBY

FQL

FSM
TRNPRT

Subroutine simulates the long haul of muck by conveyor beit to the

discharge area. In a normal entry, loader capacity required for this
time step is calculated. If this capacity WR is less than the available
capacity WPCOMP, then muck is loaded and excess muck in the surge bin is
taken out and loaded onto a belt., If WR is equal to WPCOMP, then muck
is loaded. If capacity WR > WPCOMP, then it is determined if a surge
bin has been provided. If not, the excavator is scheduled to be stopped
on the next cycle (LMCAPC = 1). If a surge bin exists, the excess is
loaded into it; then the surge bin is checked for overload. If it is

overloaded, an excavation stop is scheduled on the next cycle (IMCAPC = 1),
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In anv case liorsepower usel is determined and joon matrivial cost

DIJMMH is incremented. Then the control program is erz2:uted.

EXTNSN - Extension of Conveyor Belt and/or_Structure

This routine simulates extension of the convoyor bhelt (either ex-
tension of the structure and/or extension by a belt splice). In a normal
entry, first a check is made to determine whether the extersion is shut
down (NEXON = 1), 1If it is, then a return to the control program is
executed, If the extension is not shut down, a check determines if a
structural extension is needed. If yes, the extension is carried out
for whichever of the three geometries {NGEO = 1, 2, 3) {(cyclic or opre of
two continuous) is being used; if it will be completed at the enua of the
time step, the end is scheduled by setting LNBYBY = 0: Ltherwise LNBYBY
is set to 1. Another check is made to determine if a belt splice is
also needed, and LNSPLC set to 1 if it is needed. Tren the belt splice

as described below is computed for the time remaining ir time step.

If at normal entry a conveyor belt splice is going on, a check is
made to determine if a surge bin has been provided. 1f a bin does not
exist, the belt splice is simulated and the excavatir is turned off if
the splice is not complete at end of the time step (LMSPLC = 1), If a
bin does exist, the excavator is turned off only If the surge bin

becomes overloaded (LNSURG = 1).

BELT - Maintenance

This subroutine simulates maintenance of the convseyor belt. 1In a
normal entry a check is made to determine whether maintenance is in
progress (MACON = 1). 1If no maintenance is in progress then a check is
made for which criterion is being used for mainternance, time (DICB) or
volume of muck loaded (DWM). For whichever critericn is being used a
calculation is made to determine if maintenance is required. If mainte-
nance is needed then it is scheduled for the next time :ycle by setting

LMACON = 1 and the subroutine does calculations fcr meintenance. If at
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entry maintenance was in progress, or if the belt has been put into
maintenance, one time step is subtracted from maintenance time left and
a check made to determine if maintenance is complete. If so, it is
scheduled to end in the next cycle (LMACON = 0) and the cost of mainte-
nance 1s added to the job materials costs DJMMH,

SURGE

This subroutine handled adding muck to and subtracting muck from the
surge bin. It 1s called by the other conveyor belt routines if a surge
bin exists (NSURGE = 1). It has one entry point SURGE for adding to the
bin and one for subtracting, SURGE 2. When adding muck, a flag will be
set to indicate overloading of the bin if this occurs (LNSURG = 1).

3. Type: Trucks

This set of routines simulates long haul of muck to the discharge
area by trucks. The routines in the set are TRUKHL, RAILEX, TRUKDS,
TRUKMI. TRUKHL is almost identical to RAILHL described in Sec. II-D-1
(see Vol. I of this report for exceptions). The routines TRUKEX, TRUKDS,
and TRUKMT are actually the routines RAILEX and RAILDS described in Sec.
II-D~1 with different entry points. Subroutine TRUKHL is identical to
RAILHL with the exception of some coding to ensure that the truck stops
before it hits the face. This coding is identified in the listing by
comment cards. TRUKHL is the initialization entry point and TRUKTR is

the normal entry point into the routine.

Common blocks: Identical to those for rails

Input parameters: NAMELIST/TRUCKS/parameters are identical to those
for rails

Status variables: Identical to rails

E. ELEMENT: GROUND SUPPORT

1. Iype: Rock Bolts, Shotcrete, Steel Sets, and Combinations of These

Unlike other elements which have a different set of routines for

each type, all ground-support types are handled in one set of subroutines

(GRNSUP, GSMAIN). Ground support frequently uses combinations of support
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types, making it more efficient to put all types in one set of subrou-
tines. The decisions about type of ground support to be used for each
geology during the simulation are made with the aid of a primary ground-
support table (stored in array PSST). This table may be input by the
user, or the default table (Table IV-1) will be used. Any primary ground-
support table gives the major and minor support types and their spacing
(or thickness) for different rock fragmentation methods (JMETH), and for
ranges of rock densities (RDQ). For instructions on inputting the

default table, see below.

“ommon blocks: COMMON/ALL
COMMON/ PERFR“/
COMMON/MONEY /
COMMON/OLDCOM/
COMMON/NEWCOM/
COMMON/GRND/

Status variables: IMGS(5)
LTIEXCA

Input variables: NAMELIST/GROUND/USC, UCSC, RATERB, RATESC, GSETDO
RATESS, MAXPSS, ERBDRI, GDOW, ESCPLA, DJMGS,
GMEN, GCST

A set of cards must be input for the ground support if MAXPSS # O

in the set of cards described above. In this case the user is indicating
that he wishes to input his own primary ground-support table in preference
to the default table (Table IV-1). See INPUT routine written for the
Layout Tunnel for an example of one method of reading in these cards.

A sample set of cards is shown in Fig. IV-3. The value of MAXPSS in the
set of cards above should be equal to the number of these cards. The
columns on the cards correspond to the columns in Table IV-1. These data
cards are the last set of input cards for the model, and cards should be
ordered such that the RQD column is decreasing on successive cards. The

cards give the type of support that will be used for various ranges of
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rock RQD and type of rock fragmentation. Each card fnput zives a major
and additional support type to be used for one rock excavation process,
and any rock RQD greater than or equal to the one on the card but less

than the one on the previous card.

The codes for the rock excavation type to be put on the card are

as follows:

Rock Excavation Type Code

Boring machine 1
Drill and blast 2
Water jet 3
Projectile 4
To be used if actual

type is not in table 5

The codes for support types and additional support types are as

follows:

Support Type Code

None

Rock bolts
Shotcrete
Steel sets
Lagging

\nHwh =

The other parameters on each card are as follows:

1. Unsupported Lenr,th - Maximum Feet
This is the maximum number of feet from the heading that
ground support can be before the excavator wust be turned

off to allow ground support to catch up.

2, Interference Length - Feet
Number of feet that must separate ground support and the
heading. Ground support will not be allowed closer tc the

face.
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o Spacing -~ Feet
This will be #0 only if rock bolts or steel sets are being
used as support or additional support. [t gives the spacing

between rock bolts or steel sets.

4. Thickness - Inches
This is the thickness of the shotcrete to be installed and

is #0 only if shotcrete is being used.

5c Crown and/or Sides
This is #0 if shotcrete not being used or #f only crown

is to be covered. If crown and sides are to be covered it
is =1,

GRNSUP - Ground-Support Installation

In a normal entry (ENTRY GROUN), ground suppor:, using the rock
density (RQD) and the rock fragmentation method, computes the ground-
support parameters for this time step from the primary ground-support
table (PSST). Checks are made to determine the ground-support status
and position with respect to the face of the tunnel. Labor time used is
incremented. For each type of support being used the amount of material
needed is computed. The cost and advance of ground support is calculated
(either actual or lost due to idleness or maintenance). Finally,

operating time and plant and equipment costs are incremerted.

GSMAIN - Ground-Support Maintenance
A normal entry to this routine (ENTRY GSMNT) first determines if

a combination of types is being used. If yes, then the time step is
divided by 2. Then for each of the five ground-support types it asks if
the type is being used. It then asks if the type (in use or not) is in

maintenance.
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If the type is in maintenance, the maintenance time remaining for
the type is reduced by one time step and if no time remains it is marked

to be removed from maintenance in the next time step.

If the type 1s not in maintenance and not in use the next type is
looked at. If it 1s not in maintenance and in use, then one time step
is subtracted from the time remaining before maintenance. If the time
remaining is < 0, the ground-support type 1s marked to be put into mainte-

nance for the next time step.
F. ELEMENT: ENVIRONMENTAL CONTROL

1. Type: Ventilation, Cooling Plant, and Water Removal

One subroutine (ENVIR) simulates the environmental control. The
environmental element 18 assumed to need no maintenance and to always be
operating. It 1s assumed also to not interfere with other elements in

the tunneling process and therefore has no status variables.

Common blocks: COMMON/ALL/
COMMON/PERFRM/
COMMON/MONEY/
COMMON/ENVC/
Input variables: NAMELIST/ENVIRC/EVENTP, MAXMEN, TDTHP, QM, QD,

VAMIN, VAMAX, TA, TD, WA, FKD, FKT, CPA, CKA,
REFRAT, PR, AMC(10), CAVMP

ENVIR
In a normal entry (ENTRY ENVIRC) labor time used, plant and

equipment costs, and operating time are incremented. Next the cost of

pumping water is computed. Then the amount of heat added to the air from
various sources is computed} then the velocity of air is checked if more

cooling is needed. Finally, the amount of cooling and ventilation needed
in this time step are calculated. Cost of cooling and ventilation are

added to job materials costs for environmental control DJMEC.
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G. INPUT ROUTINE

This subroutine was written for the Layout Tunnel /see Vol. I).
It is described here as a sample of possible way of initializing data
in the model. It can easily be modified and used wirh any control pro-
gram written to model other excavation systems. The routine is called
at the beginning of a run and will read in the input cards for the sub-
routines and initialize the geology parameters by reading in the first

geology record. It has two entry points, INPUT AND INPUT 2.
Common block.s: All common blocks that the control progrem contains.
ENTRY INPUT Reads in cards and starts geology file.

First cards are read and their images written onto tape (LOGICAL unit 5
in present control program; see listing of INPUT in Aprencix II), card
images being printed out. When an end-of-file is encountered, tape 5 is

rewound.

After the rock fragmentation and materials hancling methods have
been read in from the first card image, tape 5 is read by the various
NAMELISTs. Note that the card sequence of NAMELISTs nuwsr be the same as
the reading sequence because the READ statement will search through the
NAMELIST images on tapes for the first one to be read and then search
subsequent ones for the next, and so on. Therefors if NAMELIST BORE
appears on the cards before GENERL, BCRE will never be read because in
INPUT, BORE is read after GENERL.

After all 'AMELISTs which were found on tape % have been read and
printed out, the first record on the geology file is read. This is not
necessarily the starting point in the tunnel for the model but merely
starts the geology file. (This file is described in Apperdices II and
I1T.) Then the cross section of the tunnel is computed and the local
variables used to read in train status, position, speed, and maintenance
times are set into a global array TSTAT(J, K) (equivalent to ITSTAT
(J, K)). From train status it is also determined which, i{f any train is

available for loading. Finally, if a primary ground-support table is to
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be read in (MAXPSS ¥ 0), it is read from cards in fixed format (see listing
of INPUT in Appendix VI).

ENTRY INPUT 2
This routine is entered at this entry point after all subroutines
included in the run have been initialized. Variables which can be initial-

ized (those on NAMELISTs) are again printed. Those that were undefined
by the user will have been given default values by the individual routines.
See Appendix VI for a sample printout of the routine.

H. OUTPUT ROUTINES

These four routines, OUTPUT, REPORR, REPORC, and MAXADV, were
written for the Layout Tunnel. Two of the routines produce the interim
reports using variables which are computed in the element subroutines.
A third prints out the working storage common variables necessary for
restarting the model at an intermediate point in the tunnel. Finally,
a fourth routine computes the advance each day and retains the maximum
daily advance. These routines may be easily modified and used with
another control program to produce output. The last three routines,
REPORR, REPORC, and MAXADV, may be used without modification if the notes
in Sec. III of this appendix are followed.

Common blocks: (for OUTPUT) All commorn blocks in control program
(for REPORR, REPORC, MAXADV) COMMON/ALL/
COMMON/MONEY
COMMON /PERFRM/
COMMON/LABOR/
COMMON /TEST/

Tnput variables: Contained in NAMELIST/GENERAL
REPORT, DTPRNT

OUTPUT
This routine must be modified by the user if he is simulating

tunneling with different methods than those in the sample program.
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It is essentially a printout of selected variables in var.cus common
blocks which give the user a picture of the status of the t.cneling
elements at intervals during a simulation and at the end I a run. It

should contain the variables needed to restart the model.

At present it prints, besides general variables, status variables
for the boring machine, integrated conveyor loader, rails, and ground
support. These are the processes being used in the sample tunnel, and the

variables needed to restart the tunneling at any time or heading.

MAXADV
The advance per operating hour is computed for the past 24 hours
elapsed time. 1If it is greater than the maximum advance already saved,

then it becomes the maximum advance and is retained as such.

REPORR

This routine prints out the interim performance reports giving
cumulative time, advance, (since beginning of this run) and heading
position, maximum daily advance values, (since beginning of run) and

utilization and availability figures for each general process.
REPORC

Routine prints out cumulative costs since beginning of run. Total

costs and costs for each general process are printed out.
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Subroutine BORE

INTTIALIZATION ENTRY

DLAMETER PRINT ERROR
MESSAGES e
QP R

tngn%&.1 o)

NORMAL ENTRY

FOMPUTE E = 1.8%

EXP (.084*STR)

ADD TO DOWN

TIME FOR ROCK

DISINTEGRATION
RDDTI

SET PBM = 40.
EXP (-19*D)

INDICATE E TO BE
COMPUTED LACH .
ENTRY IESET = 1

ADD TIME STEP
(DT) TO TIME
FOR USE OF

R RDTIME (1)

ADD TO JOB
HZﬁERIAL COST
EB4RY) r i
PERIOD

|

COMPUTE ADVANCE
(DX) & AMOUNT
F MUCK

TREATED (DV)

v

ADD TIME PERIOD
TO ROCK DISIN-
TEGRATION OPERA-|

{ING TIME RDUTIME

o

INCREMENT PLANT
& EQUIP. COSTS

FOR ROCK
DLSINTEGRATION
¥
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Subroutine CUTTER

INITIALIZATION
ENTRY

ALY
LUTTL

NORMAL
ENTRY

SET MM, L1ii OF

CUTTEKS (CL), NOS
OF GUTTELS (:K),

CUTTER RLPLACEMENT

SET NUMBER OF
CUTTERS BEING
CHANGED = 0

SET RADTAL LOCATION
OF CUTTERS (G,
COST PLR CU' QTR
CUTTER BEAZLU.GCUST
(Xcp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>